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AN EXPERINENTAL DOCUMENTATION OF k HYPERSONIC

SHOCK-WAVE TURBULENT BOUNDARY LAYER

INTERACTION FLOW --WITH AND WITHOUT SEPARATION

M. I. Kussoy and C. C. Horstman

Ames Research Center

SUMMARY

An experiment, thoroughly documenting the flow field resulting from the

interaction of a shock wave with a nonadiabatic hypersonic turbulent boundary

layer, is described. Detailed mean flow and surface data are presented for

two shock strengths resulting in attached and separated flows, respectively.

The surface measurements include continuous pressure, shear and heat-flux

distributions upstream, in, and downstream of the interaction regions. At

closely spaced intervals along the surface, boundary-layer profiles of static

and pitot pressure and total temperature were obtained from which velocity,

density and static temperature profiles were derived. The data are presented

in both graphical and tabular form. These data are of sufficient detail to

validate advanced computer codes and their associated turbulence models.

INTRODUCTION

As a result of the recent rapid advance in computational fluid dynamics,

it is now possible to obtain solutions to complex flow fields using the time

averaged Navier-Stokes equations. However, the pacing item for successful

solutions to strongly coupled viscous-inviscid turbulent flows is turbulence

modeling. To validate or develop new turbulence models one must rely on

thoroughly documentated experimental flow fields. To provide sufficient

experimental detail for validating computer codes or turbulence models, the

minimum requirements for an experiment must include surface measurements of

pressure, shear and heat flux as well as mean flow profiles. Fluctuating
measurements are necessary if higher order turbulence model closure schemes

are to be evaluated. For high-speed compressible flow the zero pressure

gradient case has been experimentally examined in great detail. However, for

flows with pressure gradient or separation there are only a few examples of

documented flow fields (refs. i, 2, and 3). Until more experimental flows

are documented over a wide range of test conditions, the development of

generalized turbulence models for flows with severe viscous-inviscid i.t_-
actions will remain unresolved.

This paper presents experimental data for two shock-wave turbulent
boundary-layer interaction flows, one with separation and one without. The
measurements include surface pressure, shear and heat flux, and detailed
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profiles of pitot and static pressure and total temperature throughout the

interaction region. The data should provide the detailed information neces-

sary to validate many of the ne_ computer codes and turbulence models cur-

rently being developed.

SYMBOLS

M

P

P

P INF

q

r

RJlO

PJ!O INF

RHOU

RHOU INF

T

T INF

TT

TT INF

u, U

U INF

X

Mach number

pressure

static pressure

local free-stream static pressure ahead of interaction

heat flux

radial coordinate, distance from model centerline

density

local free-stream density ahead of interaction

mass flux (_u)

local free-stream mass flux ahead of interaction

temperature

local free-s':ream static temperature ahead of interaction

stagnation temperature

local free-_tream total temperature ahead of interaction

velocity component in axial direction

local free-stream velocity ahead of interaction

axial coordinate, distance from leading edge of shock-wave

generat:_r

distance normal to model st.rface

wedge angle of shock-wave generator

boundar>-layer thickness
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compressible displacement thickness,

:o o _--dy
_W

kinematic displacement thickness,
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compressible momentum thickness,

PeUe _-_w dy

kinematic momentum thickness,
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density

shear stress

SUBSCRIPTS

corrected

edge of boundary layer

initial value

meastlred

stagnation conditions

wind-tune,el stag;_ation conditions

_.:a!!

local free-stream ahead of interaction



bESCRIPTIONOFEXPERIbltiNT

Facility

The experiment _'as conducted in the Ames3.5-Foot ttypersonic WindTunnel
where heated high-pressure air flo_'s through a 1.c}O7-mdiameter test section
to lo_, pressure :q)h_res. The nominal free-stream test. conditions _cre"
total temperature -- 095°K, total pressure = 34 are,:, free-stream unit

I

Reynolds m_ber = 10.9 :, 10 c m-_, free-stream blach number = 7.2. The test
core diameter was approximately 0.7 m with an axial Mach number gradient less
than 0.12 m-1 IJ:_eful test time was 3 a,:in, aun to run variation>, in pres-

sure and b!ach number were less than 0.3 percent. However, the _i_d tunnel

total temperature varied up to SO ° k from run to run and also durirg a single
run it varied about SO° K over the 3 rain test time. These variations

required special data reduction procedures which _ill be discL:ssed later.
Free-stream fluctuation measurements, ret,orted in reference .1, have been

made in this facility at the above nominal test conditions. The aver'age

total temperature and mass-flow fluctuations were 0.83 and 2.7 percep, t,

respectively.

Hode 1

The test model consisted of a cone-ogive cylinder, .;.3 m long and 0.203 m

in diameter and :m annular shock-wave generator, 0.51 m outside diameter,

mounted concentric with the cylinder (fig. 1). The entire model _,as _'ater-
cooled maintaining a constant surface temperature at 300 ° :3 ° }: during a run.

Interchangeable instrumentation ports, i2 cm in diaaneter and specially con-
toured to fit flush with the cylindrical surface, _'ere located at 25 cm

intervals along the cylinder in a single line and every" 50 cm in another

single line 180 ° away. Individual ports were instrumented witi_ static pres-

sure taps, thennocouples, or a skin friction balance. One port accommod:_ted

a survey mechanism to which static and total pressure and total temperature

probes could be attached for flow field surveys. Additioual static Fre::sure

taps and thermocouples _ere located every 5 cm along the entire model length
in a single line 90 ° a_'ay from the lr;:,t_aH:_entativm ports. .\t several ,<ta-

tions static pressure taps were located every 9¢ !° armmd the r:_odcl.

Two shoe:, wave :;trel:!_th:_ _..,'l'c i_;L!:_':<'d },_ beveling t}.e l,:_dii:_' cdgc. _t
-o -o

thc ,qen, rater at eith,,r . .._ _}r l:) 1-_,,;llltilll'. ill tmseparated and q_i_ar:ited
ttlrbulcnt }_¢_tll:,l:tlx" 1:1_,'_I'5, I'_ .';!'cctiv'cl\. l'i_c dct:iils .t If,',, !_,(, _.

bt'l'OlTC each tc:_t. The Ker.ei'atv_r w._q m_vable ill it direct 1,,n t _x'.ttlcl to the
:..* ..... * ;,,_ ..... (. .... -;,,11, ! }_ _;|q %t't [

axla ot t_c c viimi,'r ";_ l}tilt _}lt. v-,_{tiv *, .................

ovcr s<l,'.tcd _,u_ '. qtitti,'? .



inside diameter cohnected v,ith short lengths of stainless steel tubing (10 to

i5 cm long) to strain gauge absolute-pressure transducers. The transducers
were calibrated prior to the test series with a dead weight tester and several
in situ calibrations were made before selected l_ns by varying the wind-tunnel

test section pressure using a manometer follower as a standard. All calibra-
tions were linear and repeatable to within I percent. Prior to each run a

transducer reading was obtained at the wind tunnel starting pressure (approx.

0.01 aim) to determi'_e the zero offset of the gauges. All the transducers

were located within the model and water cooIed.

Surface :/eat _ra_Jer. Surface heat transfer was measured by the
transient thin-skin technique. Five instrumentation ports, using the same

material and thickness (i.25 cm) as the modeI to avoid any temperature

discontinuities along the model surface, were instrumented with chromel-

aIumel thermocouples spot welded to the interior surfaae. The thermocouples

were spaced 2.5 cm apart in a !ine parallel to the model axis. One port,
0.625 cm tkick, was aiso instrumented with thermocouples spaced 1.25 cm

apart. De,pending on the thermocouple location, the temperature rise (with
the into:hal model water cooiing disconnected) varied from 10 ° to 50 ° K

during a typical 30-sac heat-transfer run. The data were reduced by obtain-

ing a least squares li:_ear fit of In [(T T -Tw)/(rl -lwi)] versus time.
The variation of the wind-tunnel total temperature (T T) with time u as
included. No discernible differences in the measured heat transfer were

obtained by using the two different thickness ports. Calculations using the

procedures outIined by reference 5 indicated for the present test conditions,
the interior wall temperazure follows the exterior wall :emperature after

2 sac and that longitudinal conduction errors are less than 5 percent of the

measured convective heat _ansfer. Therefore no corrections were applied to

the data.

Surface dheay.-One instrumentation port was machined to accommodate a
Kistler floating element skin friction balance. The sensitive portion of

the gauge was 0.95 cm in diameter by 0.05 cm thick. The entire gauge '_as
contoured to m,rch the radius of the c_,linder. Direct calibrations using

weights hung from the sensing element were performed before and after each
test series; the)" were repeatable and in agreement with the factor)' calibra-

tion to within 5 percent. In addit:.on the gauge _'as equipped with a self-

calibrate coil, providing an electricai calibration before and after each
run. These calibration_a _,ere also within 5 percent of the factor)' calibra-

tion, and an average of the two electrical calibrations were used tc reduce
the data for each run. :;ihce the floating element _as relatively large, a

buoyancy correction was :-eccss':ry t_, accotmt for the forces across the gauge

element due t_ the lo_Lg_tu.:i_:al pr_,s_;ure gradients.

,9"_2,we U ,'.'._';:_:'c,':. tlo_, field surveys were obtained _ith the suroey
n,,cha;;i:;m ._;kctd:ed l:: fi_:,.:r," ? x .,r,.ci_i,m r,,,_wer scre_ _a3 driven by a

stepping ::_otcr, wh(_se shaft ,.ab callable ot turnink I i_" controlled increments
as small as 1.,_ ° or any :_a_lti;_l-" of 1.8 °. The vertical rcs_lution _f this

mechanism is O.(_f/()3 cm. The rotary motion of the motor shaft i:_ coupled to

the precision screw with antit_acklash bevel bears and the vertical po._,ition
was obtained from a three-turn precision i;otentiometer drive:_ by an anti-

backlash wor_ gear.



PiVot Pressure Probec.-- Pitct pressuxes in the flow field were measured

by stainless steel probes sho_m in figure 3. The larger probe was used at
each survey station. Near the wall, a smaller probe (half size) was also

used. The second probe (fig. 3), with the tip much closer to the supporting

strut, was used in the separated region to ensure that both the probe and its

strut were within the separated region. This probe was also used facing both

upstream and downstream in the separated region. The probes were calibrated
in a free-jet facility-matching Math number, velocity and density with the

present test conditions. These calibrations indicated that the errors due
to rarefaction effects were less than 1 percent; therefore, no corrections

were applied to the pitot data. These probes were attached to water-cooled

pressure transducers located within the model with short lengths (5 to 10 cm)
of stainless steel tubing. The pressure transducer calibration procedure was

identical to the surface pressure procedure discussed previously.

Static P_ssua,_ Probes.- Static pressures in the flow field were

measured by stainless steel probes shown in figure 4. The larger probe was

used at each survey station while the smaller probe was used in the sepa-

rated region facing both upstream and downstream similar to the pitot probe

measurements. These probes are geometrically similar to those used in
reference 6, i.e., a 10 ° cone-cylinder• Independent calibrations to account

for viscous interaction effects agreed with the calibration of Btnrens

(ref. 6). The maximum viscous corrections applied to the data were 2 percent

in and do_stream of the interaction regions and 7 percent in the undisturbed

region ahead of the incident shock wave. These probes were attached to water-

cooled pressure transducers located within the model with short lengths

(5 to i0 cm) of stainless steel tubing. The pressure transducer calibr:tion

procedure was identical to the surface pressure procedure discussed

previously.

Total Y'emperatume Probes.-Total temperatures in the flow field were
measured with the probes sho_,'n in figure 5. The larger probe was used at

each survey station while the smaller probe was used in the separated region.

These probes were designed using a concept suggested by Vas (ref. 7). An
unshielded, butt-welded chromed alumel thermocouple (0.3 cm long hy 0.007 cm

thick) is supported by tapered chromel and alumel posts. A second chromel-

alumel thermocouple is formed at the end of the alumel support (see fig. 5).

This provides a simultaneous measurement of the butt welded thermocouple

junction ant, the probe support.

Corrections for radiation, conduction and recovery factor _e:'_ r::mlc

follm,in_ the c._ethod of refer_,_.ce 7. 'I'o make, the_e carrection5 the local
M, }1 ulnibcr _T_ _ i(evv,,' !; n,:r:b.,r rm_',t ic _I_,_,_;, t!:_:._,re<_lirin_: ul iterative

procedure usillg __}le t)itot and static pres,_¢ure &,ta. t,)r the t'rt'_ent case_;,
radiation corrections were negligible. Independent calibrati,:ns of these

,-,,_,r,,- ;,_ _l_,_ ,. ;,_.l _-,,n,,¢_1 l-_,c,_, c_-_l_,,,,, it_,ti l* f,.t ri m;t'_it:lll 1_ t_t.il t _,h,t,l':ltllre

error of 1.5 percent.

Test ]'r'od_,i:w','.- The t' * wc(s. data re (,btained dt_rin_ a scrie.,; t,f runa

with the wtnd tt:nnel _,perating at the nominal conditions iescribed above.

Previous measurements (ref. £), without th( _:enera_or, c_t;¢_li',ht'd the



existence of a fully developed, self-similar turbulent boundary with negligi-

ble pressure gradient iO0 to 300 cm from the model tip. Natu:al transition
from laminar to turbulent flow occurred between 40 and 80 cm from the model

tip.

For the surface pressure and shear measurements the shock-wave genera-

tor was moved axially during a run to obtain continuous data along the model.

To accomplish this, the generator was held in a large frame which moved

axially either upstream or downstream. See figure 6. Its speed was con-

trolled by a variable speed motor and its position recorded by a potentiome-

ter attached to the frame. The total travel was 25 cm varying from 140 to

165 cm from the model tip (see fig. i). During a run the generator was

occasionally stopped to insure that the measurements were not affected by

instrumentation time lags. For the surface heat transfer and flow-field

surveys the generator was prepositioned at a fixed axial position prior to a

run. At all times the shock-wave generator was located several cm behind

the intersection of the bow shock emanating from the model tip and the annu-

lar pIane of the generator. For the separated fIow ca_e sevelal pitot and

static pressure runs were also made keeping the probes at fixed distances

from the wall and moving the generator.

The undisturbed boundary-layer thickness at the incident shock-wave

impingement point increased about i0 percent in a distance corresponding to
the difference between the farthest upstream and downstream positioning of

the shock-wave generator. Ilowever, this had little effect on the experi-

mental results (including the flow field surveys) provided they were compared

an equivalent distance from the generator leading edge.

Velocity, density, and pressure profiles were obtained from pitot and

static pressure and tctal temperature surveys. Each survey was taken during

a single test run. In traversing the flow field, the probe was stopped at

each location for a few secondb to ensure no time lag in the pressure or

temperature measurement. Survey data were obtained up to 3.5 cm from the

model surface except at the initial survey stations where data were obtained

up to 8 cm. The .static pressure at the model surface was monitored continu-

ously during all traverses to verify that the data were free from interfer-

ence effects.

,Ixis-,r_,'c_.,. -- Surface pressure measurements at selected axial positions
were obtained at 90 ° i:_ter_'als around the model and s. rface shear measure-

ments at selected axial positions 180 ° apart. Variations in these data
around the model _erc within the experimental accuracy of the measurements.

Also, results from .<_rtacc i1 film studies sho_ed symmetric >eparation and
reattachmer, t liq..s aro..,ld the model t',.,r the :;eparated case and a symmetric

incident _hock line for the attached case. From all these re._ult_ it was

concll_ded that t'1o_, a:_:; :_xi::vm:netric.



E.,(f t:R IMENTAL RESULTS

Local Free-Stream Conditions

Surveys of pitot and static pressure and total temperature were obtained

at several axial locations upstream of the interaction region for both cases

to determine the local free-stream conditions ahead of the incident shock.

Above the boundary layer the variation of the measurements with distance from

the model surface (up to 8 cm) was negligible. The average local free-stream

values are tabulated in tables I and 2 for the two test flows. Slight dif-

ferences are noted between the two cases which are believed to be caused by

small differences in wind-tunnel blockage.

Flow-Field Features

Sketches of the two flow fields constructed from survey data and shadow-

graphs taken during the experiment are presented in figures 7 and 8. Several

features of the flm, fields are _,'orth mentioning. Unlike T_ost two-

dimensional experiments that employ lon_, wed_,,e-shaped _enerators, the present
flows are influenced by an expansion fan generated by the corner of the

shock-wave generator. Both flows indicate an induced shock wave caused by a

lifting of the boundary layer although the strength of this shock wave is

significantly less for the attached case (_ = 7.5 ° ) and eventually coalesces
witk the recompression shock far do_mstream. For the separated case (c_ = 15 °)
the location of the induced shock wave was unsteady due to the unsteady nature

of the unseparated flow. The unsteady aspects of this flow will be discussed

later.

Surface Measurements

Variations in surface pressure, shear and heat transfer with distances

from the leading edge of the shock generator are shown in figures 9 and 10

and tabulated in tabies 3 and 4 for both test flows. These data are average

values obtained from many runs. Scatter bars indicating the maximum data
scatter from run-to-run are shown for several locations along the cylinder.

In tables 3 and 4 both tt_e measured and corrected (for longitudinal pressure

gradient) values of the surface shear are t,resented. In figures 9 and 10 the
corrected values are plotled. "ltle surface heat-transfer data acre ::ct cor-
rected for the small longitudinal conduction errors (less tI,an 5 l,ercent) but

were corrected for InlIl-to-r_:P vari:_tions in v ind-tmmci t(t:_! ter@erature.

This _L,s .lone b) assuming that the neat flux divided b.v the driving potential

(TTi -Twi) is invariant for small chan_es in total tenpeIature. Therefore;

qcorrected = qlneasurcd [(]I i I_i)nominal/(-IT i l_i)measuredl

the ._urf;,ce meas_trements for both the attacl_cd altd sci aratcd fl()_ _ases

show the major features associated with a sho_k wave boun,!ary-layer interac-

tion; a steel_ increase _f l,res_:ure (.with an intermediate plateau for the



3eparated case); a decrease in skin friction (leading to negative values for

the separated case) followed by a rapid increase; and a corresponding increase

in heat flux. An exception from the usual two-dimensional experimental

results for this type of flow is the rapld decrease in pressure, shear and

heat flux downstream of the peak values which is a result of the expansion

fan emanating from the corner formed by the leading edge and the body of the

shock generator.

Separation and Reattachment

One of the more difficult aspects of the experiment was precise deter-

mination of sepc_ation and reattachment po:int locations and of values for

skin friction in the neighborhood of these points. One reason for this was

the unsteadiness of the separated region. The unsteady features were exam-

ined with a new diagnostic technique that measured the fluctuating voltage

from thin pIatinum films deposited on the outer surface of one of the instru-

mentation ports. Results for the present flow have been reported previously

(ref. 9). Briefly, those results showed that separation and reattachment

points experienced large excursions, Xndicating a maximum separation zone
from x = 28 to 39 cm. The frequency of the unsteadiness was coi_fil!ed to a

narrow band around 15 _Iz. Assuming a convection velocity equivalent to the

average boundary-layer velocity ahead of separation, the scale of the

unsteady motion was estimated to be approximately equal to the length of the

separation as determined from the skin-friction measurements which showed

separation at x = 31.5 cm and reattachment at x = 34.0 cm. (Direct skin
friction measurements, not corrected for buoyancy effects, show this same

extent of separation.) The separation appears to be similar to that found

in incompressible flow (ref. 10) wherein onset and reattachment locations
are intermittent and only when the flow is reversed 50 percent of the time

or more will time-averaged measurements like pitot pressure and skin friction

indicate separated flow. Additional data defining the length of separation
were obtained from forward and backward facing pitot probes. These data,

obtained at fixed values of y and varying x by moving the shock generator,

indicate a slightly larger separated region than the skin-friction _ae_sure-

ments extending from x = 50.5 to 34.5 cm. The autkors feel that the best
estimates of the time-averaged set,aratiot_ points are given by the pitot probe

technique. Furthermore, the accuracy of the skin-friction data in the vicin-

ity of these points is uncertain due to the unknown influence of unsteadiness
on the floating element balance. No satisfactory explai_ation kas been found

for the odd behavior ir_ the skin-friction data just ahead of sepa_atior_.

t. low Fi-ld Measurements

_',,._,,,-;_).._._ , ,t_,.::;e,_.._. , ......,,,,,t,_,.,_,,ro,........ l,,-,_t'ilo; ncrm:_l t_ the cylinder surface

were obtained from pitot and static prt:::sure and total temperat_re _urve)s.

In most cases, more than one s'.lrvey of each t)l_e measurement was obtained

at each data station. The dat_, prest'nted were _btained from average -'alues

of the measured pressure and temperature inter]_elated at selected y loca-
tions. The 1_dn-to-run variations were less than 5 percent. To account for

9



the run-to-run variation in wind tunnel total temperature, the measured

values of total temperature were corrected assuming that the ratio

(To -- Tw)/(To e - Tw) was invariant. Therefore,

[('ro- 'rw)] + Tw
Tocorrect ed : (Toe - Tw)nominal k_oe---Y_w)Jmeasured

The flow quantities, Mach number, velocity, static temperature, and density,

were calculated assuming a calorically imperfect, thermally perfect gas.

Normalized profiles of static pressure, velocity', and density are pre-

sented in figurts ii and 12 for the attached (a = 7.5 °) and separated (,_ =

15°) flow cases, respectively. These data along with additional flow-field

quantities are tabulated in tables 5 and 6. To illustrate the details of

the interaction regions, the profile data have been used to construct static

pressure, velocity, and density contours and are shown in figures 13 and 14.
The locations of the incident, induced and recompression shock waves are

easily recognized. Further details of the interaction regions are shown in

figures 15 and 16 where streamline contours, deduced from the velocity and

density profiles, are given.

The integrated values of incompressible and compressible displacement

* _* and @i and @ are given for the twoand momentum thicknesses, 6i,
cases in tables 7 and 8. Also included is the boundary-layer thickness, _,

used for the upper limit of integration. The choice of a boundary-layer

thickness for these types of interaction flows is rather arbitrary'. For the

present case, 5 was chosen as the height at which the pitot pressure was a
maximum in the interaction region; and downstream, where the pitot pressure

continuously increased, _ was chosen where the local Mach number profile

no longer had curvature and varied linearly with distance from the wall.

Experimental Uncertainties

The uncertainties in the surface pressure, shear and heat flux measure-

ments were estimated to be ±i0 percent except for the shear measurements

near separation for the separated case and near the mininnam shear value for

the attached case. Here, because of the large buoyancy corrections, the

uncertainty is extremely high (up to 50 percent of the upstream undisturbed

value). In addition, the unsteady' aspects of the turbulent sel)aration may'

cause additional unknown errors in the skin-friction balance measurements

near separation. For the flow-field quantities, the estimated uncertainties

are _1.5 perceqt for the total temperature, "1o percent for the static pres-

sure, • 6 percc_t for the static temperature, :12 perce_t for the density,

and t.3 percent for the velocity'. For the separated case near the wall
(v < 1.0 cm) in the interaction regi,n (x = 31) to 3(, cm), the uncertainty in

- ' _ e',t TI,,,
O .) •velocity is :8 percent; in the rever._ed flow region it i:, pcrc ..-

uncertainty in y is '0.02 cm. ltowever, these uncertainties in the flow-
field variables are due principally to zero offsets in the pressure measure-

ments. Since each survey was obtained with a single pro},e, the uncertainty

of the vertical variation in these flo_,-fietd quantities i_ significantly

less than the numbers quoted above.

1()



CONCLUDING REblARKS

Two cases of a shock-wave, hypersonic turbulent-boundary-layer, inter-

action flow over a cone-ogive-cylinder were experimentally investigated.

For one case the boundary layer was attached and in the other the shock wave

was of sufficient strength to separate the boundary layer. The mean flow

field measurements of surface pressure, shear and heat flux, pitot and static

pressure and total temperature profiles were completely docume_.ed. The

tabulated results presented in this report provide, in sufficient detail,

experimental data for validating present or future computer codes and/or

turbulence models.
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TABLE 1

7.5 ° SHOCK WAVE GENERA rOR

M = 6.71 p_

P = 607 N/m 2 U

T = 70.6 ° K ITo_

T w = 300 ° K

= 0.0300 kg/m 3

= 1129 m/s

= 695 ° K

TABLE 2

15° SHOCK WAVE GENERATOR

M = 6.86

P = 607 N/m 2
oo

F = 67.8° K

Tw = 300 ° K

p_ = 0.0312 kg/m _

U = 1132 m/s

To_ = 695 ° K
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